Background: Protein phosphatases exist as multisubunit complexes. Results: Two protein kinases in endogenous brain protein phosphatase 1 I were found to regulate its activation in opposing directions through inhibitor 2 phosphorylation. Conclusion: These kinases support a signaling cascade that regulates protein phosphatase 1 I activation in global cerebral ischemia. Significance: Understanding the signaling pathways regulating the activity of protein phosphatases is critical to elucidating their physiological and pathological roles.
Protein phosphatase 1 (PP-1) 3 is a ubiquitous multifunctional serine/threonine protein phosphatase. It regulates many neuronal proteins critical to ischemic cell death and protection, including NMDA-and AMPA-type glutamate receptors, voltage-gated Ca 2ϩ and Na ϩ channels, metabolic enzymes, and components of the apoptotic cell death pathway (1) (2) (3) . Brain PP-1 exists as hetero-oligomers of the catalytic subunit (PP-1c) associated with targeting proteins, inhibitory regulatory subunits, and/or substrates that confer spatiotemporal and sub-strate specificity (4, 5) . A major form of PP-1 found in the brain is ATP/Mg 2ϩ -dependent protein phosphatase 1 (6, 7) , also known as protein phosphatase 1 I (PP-1 I ). The detailed mechanisms of PP-1 I activation and regulation are currently unclear.
PP-1 I consists of PP-1c and the regulatory subunit inhibitor 2 (I-2) that interact to form an inactive complex (8) . Both subunits are expressed ubiquitously in the brain (9, 10) . PP-1 I activation is complex and poorly understood. The endogenous kinases that mediate PP-1 I activation and regulation in the brain are unknown, but various protein kinases, including GSK-3, cyclin-dependent kinases, and ERK1, can phosphorylate Thr-72 of I-2 in vitro to activate the reconstituted enzyme complex (11, 12) . ATP/Mg 2ϩ -dependent phosphorylation and activation of PP-1 I is believed to involve relief of inhibition of PP-1c by I-2 via a conformational change in the complex (13) .
The identification of endogenous protein kinases that regulate PP-1 I phosphatase activity is critical to understand the role of PP-1 in various signal transduction pathways involved in both physiological and pathological processes. For example, we have shown previously that PP-1 I is activated in vivo in a pig model of global cerebral ischemia and reperfusion and that the activated enzyme complex copurifies with two endogenous protein kinases, Cdc25C-associated kinase 1 (C-TAK1) and PFTAIRE kinase (PFTK1) (14) . Here we show that these copurifying kinases have opposing actions on PP-1 I activation and therefore may play a role in increasing phosphatase activity following global ischemia and reperfusion. substrate, prepared as described previously (15) , were provided by Dr. L. Meijer (Roscoff, France).
Enzymes and Substrates-Native PP-1 I was purified from freshly harvested pig brain as described previously (14) . Recombinant human phosphorylase kinase, PP-1c, and I-2 were overexpressed in BL21 (DE3) Escherichia coli (Invitrogen) as N-terminal His 6 proteins using the pTrcHis-Topo vector (Invitrogen) and purified by chromatography on nickel-nitrilotriacetic acid-Sepharose. Human PFTK1 was expressed heterologously in HEK cells by transient transfection. The cDNA of full-length human PFTK1 (GenBank TM accession no. AF119833) was inserted into the mammalian expression vector pcDNA3.1(-minus])/Myc-His (Invitrogen) for expression of PFTK1 with a C-terminal myc epitope in HEK 293FT cells (Invitrogen). These cells were grown on 75-cm 2 polycarbonate tissue culture plates in DMEM supplemented with 10% (v/v) fetal bovine serum, 0.1 mM non-essential amino acids, 6 mM L-glutamine, 1 mM sodium pyruvate, 100 units/ml penicillin, 100 g/ml streptomycin, and 500 g/ml Geneticin (Invitrogen) at 37°C in a humidified atmosphere of 95% air and 5% CO 2 . Transient transfection of pcDNA3.1(Ϫ)/Myc-His-PFTK1 was performed using Lipofectamine 2000 (Invitrogen) according to the instructions of the manufacturer, and transfected 293FT cells were lysed with lysis buffer (50 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, and complete EDTA-free protease inhibitor mixture (Pierce)). PFTK1 was then immunoprecipitated, and the immune complex was used for kinase assays with purified PP-1 I and I-2 as substrates. Immunoprecipitation was performed using protein G Dynabeads and 5 g of myc antibody (Invitrogen) or IgG as a control (Pierce).
Preparation of PP-1 I -Native PP-1 I was purified as a holoenzyme from freshly harvested pig rostral brain cytosol as described previously (14) . PP-1 I devoid of activating kinase was reconstituted by incubating purified recombinant PP-1c (300 g) and I-2 (200 g) in 50 mM imidazole-Cl (pH 7.2), 0.2 mM EGTA, and 0.1% (v/v) 2-mercaptoethanol at 30°C for 30 min, followed by chromatography through Superdex 200 (16) . Fractions with PP-1c or PP-1 I activity, assayed as described in Ref. 12 , were pooled and concentrated.
Site-directed Mutagenesis-The full-length human I-2 coding sequence (GenBank TM accession no. NM_006241) was inserted into the pTrcHis vector (Invitrogen) for bacterial expression. Six I-2 mutants (T72A, S86A, S121A, S129A, T184A, and T192A) were generated by PCR using a mutagenesis kit (Stratagene, La Jolla, CA).
Phosphorylation and Phosphatase Assays-[ 32 P]Phosphorylase a was prepared by phosphorylation of phosphorylase b using phosphorylase kinase. PP-1 I was assayed for its ability to dephosphorylate [ 32 P]phosphorylase a following activation by preincubation with ATP/Mg 2ϩ as described previously (14) . For in vitro phosphorylation assays, recombinant I-2 (2 g) or Rb (2.5 M) was incubated with 50 mM imidazole (pH 7.4), 0.2 mM EGTA, 0.1% (v/v) 2-mercaptoethanol, 10 mM MgCl 2 , 100 M ATP, and 10 Ci [␥-32 P]ATP (PerkinElmer Life Sciences) plus C-TAK1 (0.02 g), GSK-3␤ (0.02 g), C-TAK1 and GSK-3␤, PFTK1 immunoprecipitate (0.2 mg of Dynabeads/reaction), CK1 (0.2 units/reaction), or CK2 (0.4 units/reaction) and incubated for 1 h at 30°C. The inhibitors D4476 and TBB were used at 3 M. Reactions were stopped by addition of 20 l of SDS-PAGE sample buffer, and proteins were separated by SDS-PAGE and visualized by autoradiography and protein staining (SYPRO or Coomassie Blue, Invitrogen) as described previously (17, 18) . Phosphorylation was expressed as a ratio to control band density from autoradiograms and normalized to protein staining. Autoradiograms and gels were scanned on a flatbed gel scanner (Typhoon Trio, GE Healthcare) and analyzed using National Institutes of Health ImageJ software.
Mass Spectrometry-The PP-1 I complex was purified from pig brain, and the individual components were identified by mass spectrometry as described previously (14) . For identification of phosphorylation site(s) by mass spectrometry, I-2 phosphorylated by C-TAK1 was separated by SDS-PAGE, stained with Sypro Ruby, excised from the gel, and proteolyzed with trypsin. Then the released tryptic peptides were subjected to phospho-amino acid analysis as described previously (14) . Peptides were analyzed by LC electrospray ionization and ion trap MS/MS using an 1100 series LC coupled to an XCT Plus ion trap mass spectrometer (Agilent Technologies, Palo Alto, CA) at the Weill Cornell Medical College Protein Core Facility. Mass spectra were acquired in positive ion mode with automated data-dependent MS/MS on the four most intense ions from precursor MS scans. Analysis of MS/MS spectra was performed by protein database searching with Spectrum Mill bioinformatics software (Agilent Technologies).
Miscellaneous Methods-Protein concentration was determined by the method of Bradford using bovine serum albumin as a standard (19) .
Data Analysis-Activity assays and phosphorylation levels included three to four experiments per group. Statistical analyses were performed by two-tailed Student's t test or by oneway analysis of variance followed by Tukey's post hoc test for multiple comparisons using GraphPad Prism version 5 software with a threshold for significance set at p Ͻ 0.05. Data, where applicable, are shown as means Ϯ S.E. or S.D. as indicated. Asterisks indicate values significantly different from control groups: *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001.
RESULTS
Activation of PP-1 I -PP-1 I purified from fresh pig brain was used to identify endogenous components of the PP-1 I complex and their regulation of phosphorylase a phosphatase activity. Purified PP-1 I was activated markedly by preincubation with ATP/Mg 2ϩ (Fig. 1A) , indicating the presence of a copurifying PP-1 I -activating kinase. Specific inhibitors of GSK-3 (6-bromoindirubin-3Ј-oxime, IC 50 of 5 nM) or cdk-5 (roscovitine, IC 50 of 200 nM), exogenous kinases known to phosphorylate and activate I-2 in vitro (11, 12) , did not inhibit the activation of purified brain PP-1 I by ATP/Mg 2ϩ (data not shown). Therefore, we focused our attention on the ability of two protein kinases shown previously to copurify with brain PP-1 I (14) to regulate PP-1 I .
In addition to the core catalytic subunit PP-1c and the regulatory subunit I-2, purified brain PP-1 I contains four major additional proteins, including the two kinases C-TAK1 (81 kDa) and PFTK1 (52 kDa) ( Fig. 1, B and C) (14) . C-TAK1 is a component of the MAP kinase scaffolding complex and has been identified as a kinase phosphorylating Cdc25, consistent with its ubiquitous expression in the brain (20 -22) . Similarly, PFTK1 is a cdc2-related kinase highly expressed in the brain (23, 24) .
Regulation of Reconstituted PP-1 I by C-TAK1 and PFTK1-To determine the effects of these kinases on PP-1 I activity, PP-1 I devoid of activating kinase was reconstituted from purified recombinant PP-1c and I-2 (Fig. 2, A-D) . The reconstituted PP-1 I eluted with an apparent molecular mass of 70 kDa by gel filtration (Fig. 2C ). C-TAK1 and immunoprecipitated PFTK1 phosphorylated I-2 ( Fig. 3A ). However, neither C-TAK1 nor PFTK1 directly activated reconstituted PP-1 I , whereas it was activated by preincubation with the positive control kinase GSK-3␤ ( Fig. 3 , B and C). Interestingly, prior phosphorylation of reconstituted PP-1 I by C-TAK1 significantly reduced subsequent activation by GSK-3␤ ( Fig. 3B ), indicating that C-TAK1 acts as an inhibitory kinase. Taken together, these results indicate that neither of the copurifying kinases, C-TAK1 and PFTK1, is an endogenous activating kinase. Therefore, these kinases likely phosphorylate I-2 on residues distinct from Thr-72.
Identification of the C-TAK1 Phosphorylation Site-The phosphorylated tryptic peptide fragment corresponding to amino acid residues IDEPSTPYHSMMGDDEDACSDTEA-TEAMAPDILAR plus a phosphoryl group (m/z ϭ 1313.5 3ϩ ) was identified in I-2 phosphorylated by C-TAK1. Analysis of the MS/MS spectra of the phospho-I-2 fragmentation pattern showed the presence of two subfragments (y 27 2ϩ , m/z ϭ 1477.7; y 32 2ϩ , m/z ϭ 1790.1) corresponding to HSMMGD-DEDACSDTEATEAMAPDILAR and p(STPY)HSMMGDDE-DACSDTEATEAMAPDILAR, respectively, indicating that the site of phosphorylation is localized within STPY ( Fig. 4 ). Phospho-amino acid analysis of I-2 phosphorylated by C-TAK1 identified only phosphoserine (data not shown). Therefore, the site in I-2 phosphorylated by C-TAK1 is Ser-71. Because C-TAK1 reduced subsequent activation by GSK-3␤ ( Fig. 3B ) of reconstituted PP-1 I , we tested whether this corresponded to phosphorylation of I-2 Thr-72. Phosphorylation of I-2 by C-TAK1 at Ser-71 reduced subsequent phosphorylation of Thr-72 by GSK-3 (Fig. 5 ). These results indicate that C-TAK1 functions as an inhibitory protein kinase by phosphorylating an adjacent residue, therefore reducing PP-1 I activation via Thr-72 phosphorylation.
Identification of the PFTK1 Phosphorylation Site-Phosphorylation of I-2 by isolated PFTK1 occurred at low stoichiometry (Fig. 6A) . Therefore, serial alanine scanning mutagenesis was necessary to determine the site of I-2 phosphorylated by PFTK1. A NetPhosK 1.0 search with a threshold of 0.45 identified 13 putative sites for phosphorylation by CDKs among the 33 Ser/Thr residues in the 204-amino acid human I-2 sequence (25) . Six possible sites were selected for further evaluation as potential PFTK1 phosphorylation sites by site-directed mutagenesis on the basis of NetPhosK high predictive scores (Thr-72, Ser-121, Ser-129, Thr-184, and Thr-192) or prior identification as I-2 phosphorylation sites in the Protein Knowledge Base (Ser-86, Thr-72, and Ser-121; UniProtKB IPP2_HUMAN P41236). Of the six residues selected, there was no significant difference in phosphorylation by PFTK1 upon mutation of five sites (Thr-72, Ser-121, Ser-129, Thr-184, and Thr-192) to alanine, indicating that these are not PFTK1 phosphorylation sites (Fig. 6B) . However, the S86A mutation reduced I-2 phosphorylation by PFTK1 by 58 Ϯ 2.5% compared with wild-type I-2, establishing this as a major site of phosphorylation by PFTK1 (Fig. 6C, left) . In agreement with our finding that Thr-72 is not a PFTK1 phosphorylation site, PFTK1 did not activate reconstituted PP-1 I (Fig. 3C) . The PFTK1 phosphorylation site Ser-86 is also phosphorylated by either CK1 or CK2 (26 -29) . To rule out Ser-86 phosphorylation by contaminating CK1 or CK2 in the immunoprecipitated PFTK1 preparation, the CK1 inhibitor D4476 (30) or the CK2 inhibitor TBB (31) was included in kinase assays. The S86A mutation decreased phosphorylation of I-2 by both purified CK1 and CK2 as expected (Fig. 6C, center and right) . D4476 (3 M) significantly inhibited I-2 phosphorylation by CK1 but did not affect phosphorylation of I-2 by PFTK1 (Fig. 6D) . Similarly, TBB (3 M) significantly inhibited I-2 phosphorylation by CK2 but did not affect phosphorylation of I-2 by PFTK1 (Fig. 6D) . Therefore, phosphorylation of I-2 by PFTK1 was not due to contamination of the PFTK1 immunoprecipitate with CK1 or CK2. Furthermore, although both CK1 and CK2 were present in HEK 293FT cell lysate, they were not detected in the PFTK1 immunoprecipitate by immunoblotting (data not shown). Together, these results indicate that PFTK1 phosphorylates I-2 at Ser-86. Phosphorylation of I-2 Ser-86 by CK2 has been shown previously to poten- tiate activation of PP-1 I by the activating kinase GSK-3␤ (26, 29) . On the basis of these studies, PFTK1 should activate PP-1 I indirectly by facilitating Thr-72 phosphorylation. However, because in vitro phosphorylation studies are limited, we cannot rule out that minor sites other than Ser-86 also contribute functionally to PP-1 I modulation by PFTK1.
DISCUSSION
Native PP-1 I isolated from fresh pig brain consists of the catalytic subunit PP-1c, the inhibitory regulatory protein I-2, and several potential regulatory proteins. To preserve the integrity of the native PP-1 I complex, it must be purified from the brain immediately following death because of rapid post-mortem loss of activity (Ref. 14 and data not shown). The finding that purified PP-1 I is activated by incubation with ATP/Mg 2ϩ indicates the presence of a copurifying activating kinase. Six major proteins have been identified in purified PP-1 I , two of which are protein kinases (14) . Here we report that the two copurifying kinases, C-TAK1 and PFTK1, phosphorylate I-2 at sites that can modulate phosphorylation of the activating residue Thr-72. This is consistent with a role for this multisite phosphorylation in the regulation of endogenous brain PP-1 I in global cerebral ischemia.
Neither of the protein kinases identified by proteomic analysis of purified brain PP-1 I phosphorylated I-2 at Thr-72 or activated reconstituted PP-1 I . Because reconstituted PP-1 I was activatable by GSK-3␤, the activating kinase must be present in the native complex at a lower molar ratio, or the complex is so labile that it was not detected in our proteomic analysis (14) . Future studies involving alternative approaches to analyzing the PP-1 I holoenzyme will be required to identify the endogenous copurifying kinase.
The activating kinase for brain PP-1 I has been proposed to be GSK-3 (6) . However, the endogenous activating kinase present in purified pig brain PP-1 I is not GSK-3 because the specific GSK-3 inhibitor 6-bromoindirubin-3Ј-oxime did not prevent PP-1 I activation. This is supported by an analysis of Thr-72 phosphorylation in HeLa cells in which the kinase appeared to be a cyclin-dependent kinase (32) . However, the specific cdk-5 inhibitor roscovitine also did not prevent PP-1 I activation. MAP kinase has been implicated in growth factor-induced activation of PP-1 I (12), but has not been implicated as the activating kinase in brain, and was not identified in the PP-1 I complex by mass spectrometry.
The two protein kinases that copurify with PP-1 I , C-TAK1 and PFTK1 (14) , had opposing effects on the modulation of PP-1 I activity. C-TAK1 acts as an inhibitory kinase by phosphorylating I-2 at a novel site (Ser-71) to reduce subsequent phosphorylation of the adjacent Thr-72, probably through steric and electrostatic hindrance by the phosphoryl group. In contrast, PFTK1 phosphorylates I-2 at Ser-86, a site known to potentiate PP-1 I activation (26, 29) . Therefore, the PP-1 I complex includes kinases capable of bidirectional modulation of PP-1 I activity through phosphorylation of the regulatory subunit I-2. A role for these sites in PP-1 I regulation is consistent with the previous finding that endogenous I-2 is phosphorylated on at least one residue other than Thr-72 between residues 70 and 90 by a kinase other than GSK-3 (28). On the basis of the expression of PP-1 I and its regulatory components in the brain and their copurification in brain PP-1 I , both kinases could play a role in regulating endogenous PP-1 I activity. In the basal state, C-TAK1 phosphorylation of Ser-71 would keep PP-1 I activity low. Activation of PFTK1, possibly through a cyclin pathway (23) , leading to phosphorylation of Ser-86 would increase PP-1 I activity.
Endogenous PP-1 I activation is complex and has not been verified in in vivo studies. In vitro studies show that phosphorylation of Thr-72 on I-2 converts PP1c to its active conformation. When active, PP1c dephosphorylates I-2 before it can dephosphorylate exogenous substrates (33) (34) (35) (36) (37) (38) . This complex activation mechanism is highly conserved across species (39, 40) , suggesting a physiological role. The presence of PP1c and I-2 in our purified holoenzyme and the necessity for Mg 2ϩ /ATP for activation indicates that endogenous PP-1 I is most likely regulated in a similar manner. However, it is important to point out that direct evidence for phosphorylation of Thr-72 of I-2 in vivo is limited. Analysis of rabbit skeletal muscle I-2 by fast atom bombardment mass spectrometry revealed only serine phosphorylation (41) . This has been corroborated by immunoprecipitation of I-2 extracts also showing that 90 -95% of phosphorylation was on seryl residues (42) . This is consistent with the transient nature of Thr-72 phosphorylation in the mechanism of PP-1 I activation.
Previous work has implicated PP-1 in the pathobiochemistry of cerebral ischemia. For example, we have shown previously that PP-1 I activity increases following global cerebral ischemia/ reperfusion in vivo (14) . Moreover, PP-1 controls critical neuroprotective and cell death pathways in the brain (43) . In PP-1 I purified from control and ischemic brain, the amounts of C-TAK1 and PFTK1 were decreased or increased, respectively (14) . This is consistent with multisite phosphorylation changes in I-2 leading to increased PP-1 I activation following global cerebral ischemia. Because C-TAK1 inhibits PP-1 I activation, although PFTK1 facilitates PP-1 I activation, these kinases could contribute to a signaling cascade that results in increased PP-1 I activity following global cerebral ischemia.
PP-1c interacts with and dephosphorylates critical components of the apoptotic cell death pathway, including Rb, Bcl-2, Bcl-X L , Bcl-w, and Bad, implicating PP-1 in the control of cell death (44, 45 ). 14-3-3 prevents Bad, an essential proapoptotic factor, from binding to and inactivating the antiapoptotic factor Bcl-X L in a phosphorylation-dependent manner. The finding that 14-3-3 interacts with purified (14) and reconstituted PP-1 I provides a mechanism for targeting of PP-1 I to cell death effectors (14) and implicates PP-1 I in the dephosphorylation of Bad, a key step in the initiation of apoptosis. C-TAK1 is a ubiquitously expressed serine/threonine kinase involved in various cellular functions through generation of 14-3-3 binding sites (46) . Therefore, in addition to inhibition of PP-1 I phosphatase activity through Ser-71 phosphorylation, a mechanism involving PP-1 I , 14-3-3, and C-TAK1 could also regulate activation of PP-1 I in ischemia. Phosphorylation of I-2 Ser-86 could be an important positive regulatory step involved in the synergistic activation of PP-1 I by PFTK1 and an activating kinase. The resulting increase in PP-1 activity would activate apoptosis following global cerebral ischemia through dephosphorylation of cell death regulators such as Bad and Rb (45, 47) ( Fig. 7) . Further studies are warranted to address the role of these kinases in the regulation of PP-1 I activity following global cerebral ischemia.
